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(57) A martensitic precipitation-hardenable stainless steel essentially consisting of. in weight percent, not more than 
0.08% C, 0.5 - 4.0% Si, not more than 4.0% Mn, 5.0 - 9.0% Ni, 10.0 - 17.0% Cr, more than 0.3% and up to 2.5% Mo, 0.1 5 - 
1.0% Ti, not more than 1.0% A^ and not more than 0.03% N and the balance being Fe, and inevitable incidental 
impurities, which may contain 0.3 - 2.5% Cu is disclosed. This steel has low hardness before aging and exhibits high 
strength and good toughness after aging. 
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SPECIFICATION 

Martensitic precipitation*hardenable stainless steel 

Technical field of the invention 5 

This invention relates to martensitic precipitatlon-hardenable stainless steel which has low hardness 
before aging and exhibits high strength and good toughness after aging. 

Background of the invention ... , . ^ 

When springs are manufactured of a high strength stainless steel, punching and forming are irivolved. 10 
Therefore, it is desired that the material is of low hardness before the aging treatment and is of high 
hardness afterthe aging treatment. . _. 

However, work-hardenable stainless steels represented by AISI 301 steel and precipitation-hardenable 
stainless steels represented by 17-7 PH steel, which have been conventionally used for manufacturing 
15 springs, must be heavily cold-worked in order to enhance hardness after aging. Accordingly, hardness in the 15 
cold-worked state before aging is inevitably high. That is, they are defective in that hardness before aging 
and hardness after aging cannot be separately controlled. These steels are also defective in that difficulties 
accompany the production thereof and yet adequate hardness after aging cannot be achieved. 
Under the circumstances, we previously developed a stainless steel having the composition indicated 
20 below which exhibits martensitic structure in the solution-treated state orthe lightly worked state and Is 20 
Improved with respect to the above-mentioned defect. This invention is disclosed in Japanese Patent 
Application No. 341 38/80 (Laid-Open Patent Publication No. 130459/81 ) under the tide "Precipitatlon- 
Hardenable Stainless Steel for Springs". . 
The steel contains, in weight percent, more than 0.03% and not more than 0.08% C, not more than 0.03 M N, 
25 0.3 . 2.5% Si, not more than 4.0% Mn, 5.0 - 9.0% Ni, 1 2.0 - 1 7.0% Cr, 0.1 - 2.5% Cu, 0.2 - 1 .0% Ti and not more 25 
than 1 .0% A/, the balance being Fe and inevitable incidental Impurities, wherein the amounts of C, Ti, Mn, 
NI, Cr, Cu and M are adjusted so that the value of A' defined as 

A' = 17 X (C%m%) + 0.70 X |Mn%) + 1 x (Ni%) 
30 + 0.60 X (Cr%) + 0.76 x {Cu%) - 0.63 x (fiii%) ^ 

+ 20.871 



Is less than 42.0, and the amounts of Mn, Ni, Cu, Cr, Ti, M and Si are adjusted so that the value of 
Cr-equivalent/Ni-equivalent defined as 

Creq. 1 x (Cr% ) + 3.5 x (Ti% + A€%) + 1 .5 x (Si%) 

NI eq. 1 X (Ni%) + 0.3 x (Cu%) + 0.65 x (lVln%) 

40 is not more than 2.7, and that the value of AHv defined as 



35 



40 



AHv = 205 X [Ti% - 3 x {C% + N%)] + 205 x (A^'% - 
2 X (N%)] + 57.5 X (Si%) + 20.5 x (Cu%) + 20 

46 is in the range of 120 - 210, and the steel exhibits substantially martensitic structure in the solution-treated 46 

state or In the not-more-than 50% cold-worked state. 
This previously developed steel is excellent in punching and forming workability and it exhibits 

satisfactory properties as a spring material when AHv (the difference in hardnesses before and after aging) is 

adjusted to around 200. This steel can be easily produced since heavy cold working Is not required. 
50 In comparison with the maraging steels represented by 18Ni maraging steel, however, this steel is slightly 50 

inferior in toughness when used for springs or for constructions In the domain of the high strength steel 

(around 190 kg/mm^ in notch tensile strength). 
We studied for improving toughness of this previously developed steel and we have found that toughness 

of the steel can be retained at high strength by addition of Mo. That Is, we have found that toughness of the 
55 material can be well retained by addition of Mo even if AHv (dftgreeof aging), which was restricted to not 

more than 210 in consideration of toughness in the previously developed steel, is raised to more than 21 0. 

Also we have found that enhancement of strength can be attained by addition of Mo without depending 

upon the precipitation hardening effect of Cu, except when Cu is necessary for improvement of corrosion 

resistance against the sulfiirous atmosphere. 

60 

Disclosure of the invention . *. n 

This invention provides a precipitation-hardenable stainless steel having excellent toughness essentially 
consisting of, In weight percent, not more than 0.08% C, 0.5 - 4.0% SI, not more than 4.0% Mn, 5.0 - 9.0% NI, 
10.0 - 17.0% Cr, more than 0.3% and not more than 2.5% Mo, 0.15 • 1,0% TI, not more than 1 .0% A^, not more 



55 
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than 0.03% N, and the balance being Fe and inevitable Incidental impurities, and a steel which contains 0.3 • 
2.5% Cu in addition to the above described ingredients. 

In preferred embodiments, the steel contains not more than 0.06% C, 1 .0 - 3.5% Si, not more than 1 .0% Mn, 
6.0 - 8.0% Ni, 11 .0 - 1 5.0% Cr, 0.4 - 2.0% iVIo, 0.2 - 0.8% Ti, not more than 0.5% M and not more than 0.025N. 
; ' In more preferred embodiments, the steel contains not more than 0,05% C, 1 .0 - 2.5% Si, not more than 0.5 
% Mn, 6.0 - 7.5% Ni, 12.0 - 14.5% Cr. 0.5 - 1 .5% Mo, 0.2 - 0.6% Ti, not more than 0.1% M and not more than 
0.020% N. 

A preferred Cu content is 0.3 - 2.00%, and a more preferred Cu content Is 0.3 - 1 .5% Cu. 
The reasons for defining the composition as above are as follows: 

(1) C 



30 



(3) iVIn 



10 



In the previously developed steel, the C content was defined as more than 0.03% and not more than 0.08%. 
In the present invention, it is simply defined as not more than 0.08%. In the previously developed invention, 

15 the toughness after the age hardening depended on the degree of age-hardening AHv, and more than 0.03% 15 
C was required to secure high hardness before aging in order to obtain high strength after aging. But In the 
present invention, it is not longer required owing to the addition of Mo. Good toughness can be retained 
after aging in the AHv range of not less than 210, in which toughness Is deteriorated in the previously 
developed steel. The upper limit of the C content is 0.08% In the same way as the previously developed steel, 

20 since in the range in excess of 0.08% C, the quenched martensitic phase of the matrix becomes hard and a 20 
plenty amount of Ti is required to fix C, which is uneconomical. 

(2) Sf 

25 As well as In the case of the previously developed steel, the steel is hardened by fine precipitation of an 25 
Intermetalllc compound consisting of Ni, Ti and Si. With the Si content of less than 0.5%, the effect thereof Is 
slight. If Si is contained In an amount in excess of about 4.0%, there is no significant effect in comparison 
with addition of 4.0%, and it promotes formation of 8-ferrite. Therefore, the Si content is defined as 0.5 • 
4.0%. 



45 



30 



Mn contributes to suppression of formation of 6-ferrite. However, if Mn is added in a large amount, 
austenite is retained in a large amount. As a compromise, the Mn content is defined as not more than 4.0%. 
35 Incidentally, Mn inhibits formation of 6-ferrite like-Ni, and therefore, Mn can replace a portion of Ni. 35 

(4) NI 

Ni promotes precipitation hardening and inhibits formation of 5-fenrite. However, addition of a large 
40 amount thereof increases the amount of the retained austenite. In the case of the present invention, at least 40 
5.0% of Ni is necessary for securing precipitation hardening, but it must not be iri excess of about 9.0% in 
order to maintain the amount of the retained austenite low. 



45 



(5) Cr 

At least about 10.0% Cr is generally required to obtain corrosion resistance. But addition of a large amount 
of Cr increases the amount of 5-ferrite and retained austenite and therefore the upper limit Is defined as 
17.0%. 

50 (6) Mo 50 

Mo is added in order to improve toughness, more than 0.3% Mo is required therefor. However, addition of 
more than 2.5% does not exhibit corresponding effect in comparison with addition of 2.5%, and raises steel 
price. Also addition of Mo in excess of 2.5% increases fomnation of 8-ferrite. Thus the upper limit is defined 
55as2.5%. ... ... 55 

m Ti 

Ti is added in order to cause precipitation hardening. The effect thereof is not sufficient with the addition of 
60 less than 0.1 5% Ti, while addition of more than about 1 .0% Ti makes the steel hard and brittle. Thus the TI 60 
content is defined 0.1 5 - 1 .0%. 
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(8) M 

Like Ti is added to induce precipitation hardening. Addition in excess of about 1.0% decreases 
tougtiness, and thus the upper limit is defined as 1 .0%. Also, A^ can replace a portion of TI. 

5 ^ 

(9) N 

N has strong affinity to TI and M. which cause precipitation hardening, and thus impair the effect of 
addition of Ti and M. Also high content of N causes formation of large inclusions of Ti^ and decreases 
10 toughness. ThuslowercontentofNispreferredanditi8llmitedtonotmorethan0.03%. 10 

(10) Cu 

In the case of the present invention, considerable strength can be secured even if precipitation effect of Cu 
1R isnotdependedupon.lnsulfurdioxidetypecorrosiveenvironments,however,suffic.entcorrosion is 
resistance is not obtained by Cr and thus Cu is added. Addition of at least 0.3% Cu 's necessary in order to 
secure corrosion resistance against sulfur dioxide type gases. The upper limit is defined as 2.5 /o, since a 
larger amount of Cu causes red shortness and thus impairs hot workability and induces surface crackings. 
The steel of this present Invention which composed as described above substantially exhibits martensrte 
20 structure in the state cold-worked by up to 50%. 20 
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Brief explanation oftfie drawings 
Figure 1 is a diagram which shows the relation 
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TABLE 2 






Sample 


Hardness 


Hardness increase 


NTS after 




No. 


after aging 


through aging 


aging 






(Hv-30kg) 


i^Hv) 


(kglmm^t 


5 


1 


545 


193 


199 




2 


554 


186 


208 












10 


3 


550 


207 


196 




4 


547 


222 


201 




5 


587 


235 


198 


15 


6 


542 


203 


195 




7 


590 


232 


115 












20 


8 


565 


217 


160 





20 Comparative 
Steels 

between hardness and notch tensile strength of an invention steel (Sample No. 3) and a comparative steel 
(Sample No. 8) after aging at 48PX for varied times. Rgure 2 Is a micrograph of a fracture surface of the 
25 above-mentioned Invention steel sample which was subjected to the tensile test after aging at 480''C for 1 25 
hour. Figure 3 is a micrograph of a fracture surface of the above-mentioned comparative steel sample tested 
under the same conditions. Figure 4 is a diagram showing the relation between degree of age hardening AHv 
and the ratio of notch tensile strength to tensile strength of the invention steels and the comparative steels 
Indicated in Table 1. 
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Embodiments of the invention 
Now the invention is explained by way of working examples. 

The chemical compositions of the tested steels are listed in Table 1 . Samples No. 1 - 6 are steels of this 
Invention and Samples No. 7 and 8 are comparative steels which do not contain IVIo which characterizes the 
35 present invention, and are adjusted so that AHv is greater than 21 0, which was the upper limit in the 35 
previously developed steel, and the steel exhibits high strength after aging. 

In Table 2 are shown hardness, increase In hardness through aging and notch tensile strength (NTS) of 
steels listed in Table 1 which were solution-treated, cold-rolled to 1.0 mm thickness and aged at 480Xfor 1 
hour. 

40 It is apparent from Table 2 that the steels of this Invention and the comparative steels are similar in 40 
hardness after aging. However, the invention steels are far higher in notch tensile strength than the 
comparative steels. (Refer to Sample No. 5 and 7 for Instance) 

Figure 1 shows the relation between hardness and notch tensile strength of Sample No. 3 (invention steel) 
and Sample No. 8 (Comparative steel) which have almost the same composition except for Mo. In the case of 

45 the steel of this invention, as hardness increases, notch tensile strength also increases, that is, toughness is 45 
well retained at high hardness. In contrast. In the comparative steel, notch tensile strength Increases until 
hardness reaches the level of around 520,Hv, but steeply drops at the higher hardness, that is, the steel Is 
embrittled. 

Rgure 2 and Figure 3 respectively show the fracture surface of the invention steel and the comparative 
50 steel used for the notch tensile test as shown in Figure 1 . The fracture surface of the Invention steel exhibits 50 

dimples but that of the comparative steel exhibits intergranular fractures and cleavage fractures. These 

fracture surfaces also suggest that the former steel has good ductility and the latter steel is brittle. It is 

considered that Mo contributes to strengthening grain boundaries. 
Figure 4 is a diagram wherein the degree of age hardening AHv and the ratio of notch tensile strength to 
55 tensile strength (NTS/TS) of the invention steels No. 1 - 6 and comparative steels No. 7 and 8 are plotted. In 55 

the case of the previously developed steel, the value of NTS/TS drops to less than 1 .0 at Hv of 210 and higher. 

In contrast, in the invention steel, high of NTS/TS ratio Is well retained at higher than 1 .0 even at AHv of 240 

or higher. 

50 Industrial utilization of the invention 60 
As has been described above, the steel of the present Invention Is of low hardness and has excellent 
forming and punching workability before aging and that it has excellent toughness even when the steel Is 
hardened by aging. The steel is used as a material not only for springs for which characteristics such as 
excellent spring limit value, fatigue rupture limit value, etc. are required, but also for thick plates of which 

55 high level toughness is required. 6^ 
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CLAIMS 

1 . A martensitic precipitation-hardenable stainless steel having excellent toughness essentially consist- 
ing of, in weight percent, not more than 0.08% C, 0.5 - 4.0% SI, not more than 4.0% Mn, 5.0 - 9,0% Ni, 10.0 - 

5 17.0% Cr, more than 0.3% and up to 2.5% Mo, 0.15 - 1,0%Ti, not more than 1.0% A^' and not more than 0.03% 5 
N, and Fe and inevitable incidental Impurities. 

2. The martensitic precipitation-hardenable stainless steel having excellent toughness as claimed in 
Claim 1 , which contains, in weight percent not more than 0.06% C, 1 .0 - 3.5% Si, not more than 1 .0% Mn, 6.0 - 
8.0% Ni, 1 1.0 - 15.0% Cr, 0.4 - 2.0% Mo, 0.2 - 0.8% Ti, not more than 0.5% M and not more than 0.025% N. 

10 3 The martensitic precipitation-hardenable stainless steel having excellent toughness claimed In Claim 10 
2, which contains, in weight percent, not more than 0.045% Ni, 1 2.0 - 14.5% Cr, 0.5 - 1 .5% Mo, 0.2 - 0.6% Ti, 
not more than 0.1% A/ and not more than 0.020% N. 

4. A martensitic precipitation-hardenable stainless steel having excellent toughness essentially consist- 
ing of, in weight percent, not more than 0.08% C, 0.5 - 4.0% si, not more than 4.0% Mn, 5.0 - 9.0% Ni, 10.0 - 

1 5 17.0% Cr, 0.3 - 2.5% Cu, more than 0.3% and up to 2.5% Mo, 0.1 5 - 1 .0% TI, not more than 1 .0% A^' and not 1 5 
more than 0.03% N and Fe and inevitable incidental impurities. 

5. The martensitic precipitation-hardenable stainless steel having excellent toughness as claimed in 
aaim 4, which contains, in weight percent, not more than 0.06% C, 1 .0 - 3.5% Si, not more than 1 .0% Mn, 6.0 - 
8.0% NI, 1 1 .0 - 1 5.0% Cr, 0.3 - 2.00% Cu, 04 - 2.0% Mo, 0.2 - 0.8% TI, not more than 0.5% M and not more than 

20 o!o25%N. , ^ 

6. The martensitic precipitation-hardenable stainless steel having excellent toughness as claimed in 
Claim 5, which contains, in weight percent, not more than 0.5% C, 1 .0 - 2.5% SI, not more than 0.5% Mn, 6.0 - 
7.5% Ni, 1 2.0 - 1 4.5% Cr, 0.3 - 1 .5% Cu, 0.5 - 1 ,5% Mo, 0.20 - 0.6% Ti, not more than 0.1% M and not more than 

0.020% N. . - 

25 7. A steel as claimed in any preceding claim, having a composition substantially as described herein for 25 

any of Samples 1-6. 
8. A steel as claimed in any preceding claim when hardened. 
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